Introduction
A variety of methods have been reported for the synthesis of silver polyhedral nanoparticles (NPs) with a range of different shapes and controllable sizes, including cubes, rods, wires, and octahedra. [1] [2] [3] [4] To use silver polyhedral NPs in applications such as printed electronics, 5, 6 the synthesis must yield large batches with a high volume fraction (20-60%) of homogeneously distributed (size and shape) Ag polyhedral NPs, even if polydispersity could also be benecial to reach a high metallic ratio in the printed features. Nevertheless, many protocols found in the literature are based on very low concentrations and small volumes of reagents, and the scaleup is oen not straightforward. As a consequence, most of the NPs described in the literature are not commercially available due to the lack of large batches (mass per batch) or their excessive cost.
At the research lab-scale, various reducing agents were used to form metallic silver (Ag 0 ) by the reduction of silver ions (Ag + ) in aqueous or non-aqueous solutions, 7, 8 followed by stabilization and growth, including sodium borohydride (NaBH 4 ), 9 ascorbic acid, 10 tannic acid, 11 and polyols.
12,13
Microwave-assisted synthetic methods were found to be efficient, environmentally friendly, and economically viable. 14 In the polyol synthesis, diols such as ethylene glycol reduce Ag + to metallic silver in the presence of poly(vinyl pyrrolidone) (PVP), which acts not only as a stabilizer, but also as a shaping agent. Face-centered cubic (FCC) silver exhibits different crystallographic planes, and the selective interaction of PVP with the different planes can largely reduce or enhance the growth rate along the (100) direction. The PVP molar ratio (in terms of repeating unit) relative to the silver precursor has an important role in determining the morphology and size of the NPs.
9,13-15
A rather less known and very original synthetic route to produce metallic silver involves a particle-mediated pathway in which silver(I) oxide (Ag 2 O) usually serves as a sacricial template, and NaBH 4 
Silver(I) oxide reacts with hydrogen peroxide to form metallic silver. The reaction takes place on the surface of the silver oxide structure:
NaBH 4 can also reduce silver oxide to metallic silver. 20, 21 The nal product morphology and size depend strongly on the crystallographic nature of the sacricial template.
Here, we leverage the synthesis of Ag from Ag 2 O to produce inks of polyhedral silver NPs in large batches (60 g) of 50% weight fraction through an aqueous procedure, more sustainable and green than the common polyol synthesis. The mechanism was studied by the phase analysis of the products at different quenching times by powder X-ray diffraction, transmission electron microscopy, and scanning electron microscopy. The silver ink displays a very high conductivity only 6.6 times lower than the bulk value aer a mild annealing.
Results and discussion

Synthesis and structural characterization
The synthesis yielded large batches of high volume fraction Ag polyhedral NPs. The particle size distribution (PSD) was centered on 64 nm with a standard deviation of 20 nm, as obtained from averaging each particle to a sphere and counting 100 nanoparticles randomly from the SEM images. This result is in good agreement with dynamic light scattering analysis (not reported here). The reaction was complete based on the utilization of AgNO 3 , and the batches comprised exclusively of faceted polyhedral Ag NPs ( Fig. 1A-D) . The electron diffraction pattern of a single particle reveals its single crystalline nature with a face-centered cubic (FCC) pattern (inset, Fig. 1D ). The X-ray diffractogram of the dried Ag polyhedral NPs shows the exclusive formation of FCC silver (JCPDS 04-0783, Fig. 2C ). The reaction mechanism was investigated by the addition of a sub-stoichiometric amount of the reducing agent H 2 O 2 ( Fig. 2A and B ). In the rst experiment, only 10% of the typical amount of H 2 O 2 was added to the colloidal dispersion ( Fig. 2A) , and the XRD showed a major phase of Ag 2 O (JCPDS 00-041-1104) with a minor phase of FCC Ag. When the amount of hydrogen peroxide was increased up to 50%, the ratio between the Ag and Ag 2 O phases increased (Fig. 2B ) until the completion of the reaction with the presence of a single FCC Ag phase (Fig. 2C) .
A SEM analysis was performed on the two samples. In the rst case (10% hydrogen peroxide) the SEM shows large micronscale rectangular-shaped particles, which could not be found in the typical synthesis (Fig. 3A) . Apart from these large particles, the sample consists of a lm of NPS with a size below 100 nm, corresponding to the typical size of the Ag polyhedral NPs (Fig. 3A, area 1) . Energy dispersive X-ray spectroscopy (EDS) was performed on several areas of the lm. In area 1, a representative area of the Ag NPs lm, the only element found was Ag, with a level of C and O below the detection limit. On the other hand, the EDS spectra from the rectangular shape microparticles, spots 2 & 3, agree quantitatively with an atomic Ag/O ratio of 2 : 1, corresponding to the Ag 2 O oxide observed by XRD (Fig. 3A) . A low level of potassium was detected in those crystals, which could arise from the presence of a minute amount of KOH. TEM also shows a bimodal distribution of large Ag 2 O particles and Ag NPs (Fig. 3B) . The largest rectangular-shaped microparticles are excluded from the TEM grid. Interestingly, the mid-size particles show a Z-contrast. This Z-contrast could be due to the chemical composition (Ag or Ag 2 O, Fig. 3B ), meaning that the reaction goes through an intermediate step with biphasic Ag/Ag 2 O NPs. When we increased the stoichiometric amount of H 2 O 2 to 100%, the SEM images showed a lm of Ag polyhedral NPs (Fig. 3C ) with EDS spectra corresponding to pure Ag (Fig. 3C, squares 1 and 2) . TEM images show the typical product -polyhedral Ag NPs (Fig. 3D ).
Reaction mechanism
The phase and composition analysis of the reaction intermediates shows the formation of a silver(I) oxide Ag 2 O crystalline phase. Ag 2 O is the best-known oxide of silver, which is usually produced from the anodic oxidation of Ag; it is amphoteric and can be reduced by hydrogen peroxide (H 2 O 2 , a redox compound that is also amphoteric) to yield Ag. 22 The Ag 2 O solid phase mediates the formation of silver in a particle-mediated mechanism. The Ag 2 O particles are reduced by H 2 O 2 , and the TEM analysis of a sub-stoichiometric reaction (Fig. 3B) shows the formation of a biphasic Ag 2 O/Ag Janus particle as an intermediate.
The reaction follows a surface driven mechanism where H 2 O 2 chemisorbs and reacts on the surface of Ag 2 O particles followed by reduction and growth of the pure Ag phase, like a reaction with a reducing gas. 23 On a broader view, the reaction proceeds through the following three stages: Ag + reaction with PVP (complexation + slight reduction) (1) 
The third step of the mechanism is coined in the scheme in Fig. 3E . Aer formation of Ag 2 O (s) which forms the large particle observed by SEM, hydrogen peroxide H 2 O 2 reduces the Ag 2 O on their surface, as demonstrated by the presence of binary biphasic Ag 2 O/Ag Janus particle. The reaction continues until completion of the reduction process to yield pure Ag NPs.
The mediated-particle mechanism described above presents a signicant departure from the mainstream mechanism, which involves the formation of an intermediate phase of AgCl [24] [25] [26] [27] or AgBr. 28 The most popular reaction involves the formation of AgCl, which rapidly precipitates and stays in equilibrium with Ag + ions that are further reduced to Ag. This mechanism allows to control the shape of the nanocrystals, especially for the formation of Ag nanowires. 29 In the case of Ag 2 O formation, this competitive mechanism is very unlikely, and the TEM provides evidence only for a surface driven mechanism.
The two mechanisms, halogenide-or oxide-based, involve markedly different kinetics of reaction. Such a sluggish reaction can impede the industrial production of Ag inks. On the contrary, the mechanism described here is compatible with a scale-up, and batches of 100-1000 g of Ag nanocrystals were produced on a routine basis.
Application to printed electronics
The polyhedral Ag NPs display a high purity and volume fraction with a very low content of stabilizer (PVP). When formulated as an ink (60% wt in tripropylene glycol methyl ether (TPM)), the NPs can be easily coated on a glass to form silver lines with a dispenser (Fig. 4 inset and experimental part) . The four-probe resistivity of the pristine lines (1600 mU cm) is about 1000 times greater than the bulk Ag resistivity (1.59 mU cm, Fig. 4) . A gentle annealing under air at 200 C for 15 minutes brought the resistivity down to 15 mU cm (9.4 times the bulk value). A further annealing for 45 minutes brought the resistivity down to 10.5 mU cm, 6.6-fold greater than the bulk resistivity. These results are remarkable and t the needs of conductive inks in printed electronics. The very low annealing temperature is compatible with polymer substrate and packaging. The high conductivity of the Ag lines reveals the high density of the Ag NPs assembly. SEM images of the lines (pristine and annealed) show the dense packing of polyhedral NPs (Fig. 5) . The HRSEM shows no detectable change during the annealing process, hence the annealing does not lead to any coarsening or shape evolution of the NPs. Nevertheless, the resistivity decreases by two orders of magnitude during the annealing. This spectacular enhancement does not result from any change in size (64 AE 20 nm), density, shape, or grain boundaries, and therefore results from the interface between the polyhedral Ag NPs. Such a mechanism underlines the high importance of the shape of the Ag NPs. Indeed, an extensive interface between the particles is only achieved with polyhedral NPs and not with spherical ones.
Conclusions
The large-scale synthesis of polyhedral Ag nanoparticles (NPs) described here follows a mediated-particle mechanism through the formation of rectangular-shaped Ag 2 O microcrystals. The reaction proceeds through a surface driven conversion of Ag 2 O to Ag. The PVP-stabilized silver NPs display a low polydispersity in size and shape distribution with a large majority of faceted NPs. The rapid and simple reaction described here is compatible with a scale-up, and batches of 100-1000 g of Ag nanocrystals were routinely and consistently produced. The formulation of polyhedral silver NPs in high volume fraction ink easily forms conductive lines. The resistivity reaches 6.6 times the bulk resistivity aer a gentle annealing at 200 C. Finally, this original synthesis pathway is fully compatible with a largescale production in the eld of printed electronics on so substrates such as polymers. 
Synthesis of Ag nanocrystals
52.5 g of AgNO 3 and 35 g of PVP were dissolved in 600 ml of DI water (solution 1). Five drops of anti-foaming agent were added into solution 1, and 19 g of KOH were dissolved in 100 ml of water (solution 2). Solution 2 was poured into solution 1 under intensive stirring, forming a colloidal precipitate of Ag 2 O. Then, 180 ml of H 2 O 2 were added at $10 ml min À1 under intensive stirring directly into the reaction mixture, to reduce the silver oxide to silver. During the addition of H 2 O 2 , the exothermic reaction resulted in a temperature increase from 25 C to 60-65 C. The reaction mixture was stirred for an additional 10 minutes and then transferred to a membrane separation system for purication (ceramic hollow ber cross-ow membrane, 100 nm pore size). The resulting water dispersion was concentrated to $60 g solution contained about 30 g of Ag nanocrystals ($90% yield based on AgNO 3 ). Batches for elucidating the reaction mechanism (A) Partial reduction ($10% "quenching") of Ag 2 O into Ag. A colloidal precipitate of Ag 2 O was formed as described above, and 20 ml of H 2 O 2 -about 10% of the stoichiometric amount needed for full reduction -were added over $2 min to the reaction mixture under intensive stirring. The reaction mixture was then stirred for an additional 10 minutes, and the obtained dispersion was puried and washed.
(B) Semi-reduction ($50% "quenching") of Ag 2 O into Ag. To the colloidal precipitate of Ag 2 O formed as described above, 90 ml of H 2 O 2 -about 50% of the stoichiometric amount needed for full reduction -were added at $10 ml min À1 into the reaction mixture under intensive stirring. The reaction mixture was then stirred for an additional 10 minutes, and the resultant dispersion was puried and washed.
Characterization
The structure of the NPs was investigated using transmission electron microscopy (TEM): JEOL 1400 at 120 kV. High resolution scanning electron microscopy (HRSEM) images were collected on a FEI Magellan equipped with an energy-dispersive X-ray (Oxford 80 mm 2 ) spectroscopy (EDS) attachment. EDS was typically collected on images with an area of 25 mm 2 to provide a statistical analysis on different regions and a reliable composition. The crystalline phases and crystallinity of the prepared powders of intermediate and nal products were examined by XRD using Cu Ka (0.1541 nm) radiation (Bruker Advance D8). Printing of the conductive line was achieved with an air pressure dispenser on a custom CNC equipped with a heated stage between 60-80 C with a jog velocity of 500-1000 mm min À1 and pressure between 0.7-2.5 psi.
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